We review our work on two complementary and compatible techniques, namely direct laser writing and holographic lithography which are suitable for fabricating three-dimensional Photonic Crystal templates for the visible and near-infrared. The structures are characterized by electron micrographs and by optical spectroscopy, revealing their high optical quality.
Introduction
In a silicon crystal, the electrons move in the periodic potential of the nuclei. The lattice constant of this potential is comparable with the de Broglie wavelength of electrons. This gives rise to electron waves with a particular dispersion relation, the band structure of the material. In semiconductors, one gets a band gap, i. e., a spectral region without any states. This gap has been the basis of semiconductor technology. In analogy to this, a periodic arrangement of "photonic atoms" with a lattice constant comparable to the wavelength of light leads to a photonic band structure. Photonic Crystals (PhC) with a complete band gap (i. e., a gap for all directions of propagation and all polarizations) are analogous to semiconductors and are called photonic band gap (PBG) materials [1, 2, 3] . Introducing defect cavities and wave guides is somewhat analogous to doping of semiconductors. In principle, the propagation of electromagnetic (EM) waves in PhCs is "simply" governed by Maxwell's equations. However, novel modelling tools appropriate for achieving the required accuracy are being developed today [4, 5, 6] .
In nature, PhCs are found for example as opals showing iridescence due to a periodic arrangement of tiny silica spheres [7] . Also, the wing scales of butterflies are iridescent due to their microscopic structure [8, 9] as well as the spines and hairs of the sea mouse (a marine worm) [10] . Multiple scattering is responsible for these interference effects [11] .
One application of PhCs is to enhance the efficiency of radiators by structuring them, e. g., semiconductor lasers [1] or black body radiators [12, 13] . It is possible to guide light by incorporating line defects along which light can propagate. The defects are surrounded by PhC material into which the propagation is forbidden. In this fashion, sharp light bending can be achieved on a scale comparable to the wavelength of light [14] . This gives rise to the vision of an optical chip for, e. g., telecommunication purposes.
Historically, the first artificial structures of this kind were realized in the microwave regime [3, 15] . For optical wavelengths, the spatial modulation of the dielectric constant has to be on a micrometer or sub-micrometer scale. Due to the scaling properties of Maxwell's equations [4] , concepts could be tested in the microwave regime and their miniaturized counterparts will have the same properties but shifted to higher frequencies. The manufacturing of such tiny structures is still a major technological challenge and new fabrication methods are being developed.
In this paper, the fabrication of spatially periodic structures with a periodicity of about 1µm is discussed. We follow two complementary but compatible approaches, namely "laser direct writing" and "holographic lithography" [16] . The samples are analyzed by means of optical transmission and reflection measurements as well as by scanning electron microscopy (SEM).
Fabrication Methods
A large variety of different fabrication methods has been discussed in the literature and new ones are being developed in many laboratories all over the world. Here, we focus on techniques based on fabricating a template which is thereafter infiltrated with some other material. Along these lines, large-area high-quality structures can be fabricated at low cost. This cost aspect is in contrast to the beautiful structures which have been fabricated by combinations of advanced planar semiconductor microstructuring techniques for individual layers with sophisticated alignment and stacking procedures to combine different layers into 3D PhCs [17, 18, 19] .
Inverse Opals. One of the first approaches for three-dimensional PhC fabrication were artificial opals [20, 21] . Based on self-assembly techniques, these structures can be used as PhC templates. Due to their geometry and composition (microspheres arranged in a face-centered cubic (fcc) structure on the order of optical wavelengths) they have to be infiltrated with high dielectric constant compounds to achieve the required dielectric contrast to develop a full PBG [22, 23] . This task becomes easier after removing the spheres letting the low dielectric medium be air. The nanostructured materials built by this technique are called inverse opals [24] and have recently shown a full photonic band gap in the near infrared [25] . However, this technique has some limitations such as the random presence of defects which are hard to control and can be an inconvenient for future technological applications.
Although this selforganizing concept has been further developed [26] , it is not very flexible concerning the variety of possible structures. To tailor and to optimize the optical properties more flexibility in the fabrication methods is needed.
Laser Direct Writing.
A fabrication technique that offers this high flexibility is laser direct writing by multi-photon polymerization [27, 28, 29] : A photoresist is illuminated by laser light that has insufficient photon energy to expose the photoresist by a one-photon process. When the laser light is tightly focused into the medium, however, the light intensity near the focus may become sufficiently high to exceed the exposure threshold by multi-photon processes. As the probability of these processes scales with I n where I is the light intensity and n the number of photons involved in the absorption process, the exposed region is confined to a small volume element ("voxel") enclosing the focus, whereas the rest of the medium remains unexposed. By scanning the focus relative to the medium, in principle, any three-dimensional (3D) structure may be written directly into the photoresist. In essence, this is rapid prototyping pushed to the diffraction limits of optics.
In our experiments, we work with the commercially available photoresist SU-8 (MicroChem), which has negligible absorption for wavelengths larger than 500 nm. As a light source we use a regeneratively amplified Ti:sapphire laser system that delivers 120 fs pulses at a central wavelength of 800 nm. The laser light is focused into the photoresist by a microscope objective with a numerical aperture of 1.4. With this system, voxels can be exposed by a single laser pulse. They
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Functional Nanomaterials for Optoelectronics and other Applications have a near-elliptical shape with a diameter of 200 nm and a length of 550 nm typically, determined by the numerical aperture of the microscope objective and the laser pulse energy. These voxels form the basic building blocks for all structures we fabricate.
Absorption of photons generates photoacid molecules in this cationic photoresist. A latent picture of the exposed structure exists in form of a spatial acid concentration. Heating of the sample ("post exposure bake") results in a cross linking density of the photoresist which depends on the local acid concentration. For SU-8 as a "negative" photoresist the cross linking density increases with the exposure dose. There is some threshold for the exposure dose above which the exposed regions are insoluble in a so-called "developer" which is a solvent for the monomer. The underexposed regions are washed away in the developer liquid while the overexposed regions remain. The result is a polymer structure with a shape as of the spatial arrangement of the voxels.
One such structure is the "woodpile" or "layer-by-layer" 3D PhC [30] . It consists of stacks of parallel rods with period a. These rods are built up from joining individual voxels that are each exposed by a single laser pulse such that the rod cross section is determined by the shape of these voxels. The voxels absolute dimension can be adjusted through the single pulse energy of the laser light, with higher energy leading to larger voxels. Rods in successive layers are perpendicular to one another. Second nearest neighbouring layers are displaced by a/2 relative to each other. Four layers form a lattice constant c. For c/a = 2 , this 3D lattice exhibits a fcc unit cell with a two-rod basis and can be derived from a diamond lattice by replacing the (110) chains of lattice points with rods. Ref. [30] has shown that the woodpile structure can have a full PBG for an index contrast as small as 1.9 and that it is relatively insensitive to structural details. Fig. 1 shows a SEM-image of two woodpiles which we have fabricated in SU-8. microscope. For example, the measured reflection spectra reveal pronounced peaks with peak reflectivities approaching 80 %. Moreover, we are able to tune the spectral position of this stop bands to the important telecommunication wavelengths of 1.3 and 1.5 micrometer wavelength, respectively. Importantly, a detailed comparison with numerical simulations shows excellent agreement, indicating that the fabricated structures meet theoretical expectations, i. e., high sample quality.
Another PhC structure that we fabricated is from the so called "Slanted Pore" family that has recently been proposed in Ref. [31] . In this paper, we propose a structure called S/ [1, 1] ⊕[-1,-1] (0.5,0.5) that can have a full PBG with a width of 24 % of the midgap frequency if made of Silicon.
Holographic Lithography. While laser direct writing is extremely flexible, the fabrication of very large area structures is rather time consuming. A potential method for fast and inexpensive mass production is holographic lithography [32, 33, 34] . A thick photoresist layer is exposed by a multiple beam interference pattern. One laser beam is split into several partial beams which overlap inside the thick photoresist layer. The size of the resulting structure is mainly determined by the beam diameter in lateral direction and by the thickness of the photoresist layer in the perpendicular direction. We use four beams several millimeters in diameter and photoresist films about 10µm thick. In order to calculate the resulting structure one has to consider the superposition of N plane waves inside the photoresist each described by their electric field vectors E n as a real part of a complex quantity: Fig. 2 shows an iso dose surface as calculated according to (1) . From Eq. 1 the translational properties and point symmetries of the interference pattern can be deduced. It is found that it is only the relative directions of the beams which determine the reciprocal lattice vectors G nm = k n -k m of the structure and thus the translational symmetry. The basis element is the motif which is repeated at every lattice point in real space. Its shape is defined by the form factors a nm = E n 0 ⋅ E m 0* and thus determined by the relative beam intensities and their polarizations.
A practical requirement is that the structure is self-supporting and open-pored at the same time. The underexposed regions have to be interconnected allowing the underexposed resist to be washed away from the pores. On the other hand the overexposed regions must be interconnected, too, since otherwise the structure falls apart. The volume fraction of the remaining photoresist is the filling factor f. The two interconnectivity conditions limit the range of useful filling factors. The structure was calculated for different exposure doses, i. e. for different filling factors.
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Fig. 2:
Simulation of a fcc structure with a filling factor f = 0.29. Four beams are arranged in the socalled "umbrella-like" configuration with the parameters as in the experiment Fig. 3 shows the result of this calculation for the fcc structures we fabricated as described below. It gives the filling factor f as a function of the peak dose D max occurring in the interference pattern. D max in turn is given in units of the threshold dose D t . Below D max /D t = 1 no regions are sufficiently illuminated at all, resulting in f = 0. If the minimum dose D min reaches D t all material is fully exposed, i. e. f = 1. This is the case for D max /D t ≥ 45.58. Only in the range D max /D t = 1.35...2.56 both interconnectivity conditions are fulfilled simultaneously. Below D max /D t = 1.35 the basis elements are not interconnected, and above D max /D t = 2.56 the pores are closed. The corresponding limiting filling factors are 0.19 and 0.78. It is to be noted that in the useful range (D max /D t = 1.35...2.56) the dose varies by less than a factor of two.
Fig. 3:
Computed filling factor f of our fcc structures (see fig. 2 ) as a function of the exposure dose D max /D t . D max is the maximum dose occurring in the interference pattern and D t is the threshold dose of the photoresist. Useful PhC material requires D max /D t to be between 1.35 and 2.56 or f between 0.19 and 0.78 (shaded area). More details are given in the text.
We used the so called "umbrella-like" four-beam configuration [36] with three beams equally distributed on a cone and the fourth on the cone axis (cf. fig 4 (a) ). It can be shown that four noncoplanar beams are the minimum needed to realize all 14 Bravais lattices in three dimensions [37] .
A face-centered cubic (fcc) lattice is the present favourite [38] since a complete PBG is most likely. It requires an apex angle γ of the cone of 38.94° inside the photoresist [36] . This angle is inaccessible by illuminating directly from air because it is larger than the critical angle of total internal reflection which is about 36.8° for SU-8 at λ = 355nm. Our solution of this problem is to put a coupling prism on top of the photoresist layer (cf. fig. 4 (a) ) [34] . In this way it is possible to realize the correct fcc angle. Fig. 4 (b) shows a result with true fcc translational symmetry. The energy ratios of the four beams are: Beam #1 : beam #2 : beam #3 : beam #4 = 1.5 : 1 : 1 : 1. The central beam (#1) is directed normal to the surface and circularly polarized. The remaining beams are linearly polarized in their respective plane of incidence (p-polarized). A transmission spectrum measured in the [111]-direction (Γ-L in reciprocal space) is shown in fig. 5 . The position and width of the transmission dip is in good agreement with corresponding band structure calculations [23, 34] . A fcc lattice constant of about 500 nm (including shrinkage of the photoresist during polymerization) and a filling factor of 0.29 was estimated by visually comparing SEM images with simulations of the structure (cf. figs. 4 (b) and 2).
Overlapping only three instead of four beams results in two-dimensional periodic structures. By blocking the central beam (#1) in the umbrella-like configuration triangular structures are obtained. Fig. 6 shows SEM images for three beams of equal intensity circularly or linearly p-polarized, respectively (γ ≈ 15° indside the photoresist layer).
There is another four-beam configuration ("tetrahedral") for which the parameters needed for a complete PBG have already been calculated [39] . In this configuration two beams are in a plane perpendicular to a second one in which two additional beams travel. The first two beams are 60 Functional Nanomaterials for Optoelectronics and other Applications counterpropagating with respect to the other two [36] . This configuration generally results in smaller lattice constants compared to the umbrella-like configuration (at a given exposure wavelength) because of the counter-propagation of the beams. For example, the fcc lattice constant a fcc using the tetrahedral configuration is a fcc = λ 2 5 as compared to a fcc = 3λ 2 3 if using the umbrella-like configuration. 
Conclusions
We have demonstrated the flexibility and potential of laser direct writing and holographic lithography. Various structures which are three-dimensionally periodic on a micron and sub-micron scale have been fabricated. The samples are characterized by optical transmission and reflection spectroscopy and are compared with theory. The two methods are compatible since the same photoresist is used. They are complementary in the sense that holographic lithography can be used to fabricate "ideal" large-area structures, but is unable to incorporate defects and waveguides in a controlled fashion. This task can be performed by laser direct writing in a second exposure step. The remaining challenge is the infiltration of such templates by dielectrics with large refractive indices or by metals. We are currently using chemical vapor deposition and electrochemical deposition. The first results along these lines are very encouraging. The combination of these different steps will allow the inexpensive fabrication of large-scale high-quality Photonic Crystals and corresponding devices for telecommunication applications.
